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Abstract
Coastal wetlands perform valuable functions by protecting shorelines from floodwaters
and storm surges, providing habitats for marine species, and improving local water quality.
Unfortunately, over half of the area of global wetlands has been lost over the past century.
Locally, in Jamaica Bay (Queens, NY), loss of wetlands has exceeded 98%. Restoration of
Jamaica Bay marshes began in 2003. Ribbed mussels, Geukensia demissa, live symbiotically
with marsh plants and have been shown to stabilize sediments and provide organic nutrients that
enhance marsh plant growth. Mussels are suspension feeders, which collect algae from seawater
and deposit organic matter in marsh sediments. Organic matter may increase rates of microbial
nitrogen removal via denitrification, a critical ecosystem service. For these reasons, mussels may
be important to the success of coastal wetland restoration. Ribbed mussel size and abundance
data at both restored and unrestored marsh islands was analyzed for better understanding of
mussel recruitment at sites over time. Increases and decreases in abundance and size distribution
of the mussels has been linked to their location on restored and unrestored marshes. The analyses
of the ribbed mussel gut microbiome demonstrated the physiological connection of the bivalve to
its environment. Data in multiple areas supported the importance of ribbed mussel populations
at the Jamaica Bay wetlands.
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1. Introduction
Coastal wetlands perform valuable functions by protecting shorelines from floodwaters
and storm surges, providing habitats for marine species, and improving local water quality. Due
to the trend in overpopulation in coastal areas, estuaries containing wetlands suffer from
degradation by many factors, including sedimentation from soil erosion, drainage, and filling of
wetlands; eutrophication due to excessive nutrients from sewage and animal wastes, industrial
pollutants, and urbanization (Wolanski 2007). Estuaries tend to be naturally eutrophic because
land runoff discharges nutrients into these bodies of water. In New York City, an excess of
nutrients in such regions has caused an influx of nitrogen, which has led to an increase in
eutrophication; a process that eventually decreases the biodiversity and limits the natural
functions of such salt marshes and estuaries. Jamaica Bay is a highly eutrophic and partially
restored wetland consisting of multiple marsh islands, which vary in size and ecological state. A
major concern to ecosystem managers of Jamaica Bay is the increased load of nitrogen in the
area, which results in the highly eutrophic environment and leads to marsh loss (Figure 1).
Marshes in this estuary are disappearing at an average rate of 13 ha/yr. It is estimated that
approximately 1,400 acres of tidal salt marsh have been lost from the marsh islands since 1924,
with the system-wide rate of loss rapidly increasing in recent years (NY Dept. of Ecological
Conservation, 2001). In order to further understand the extent of marsh loss in this area, studies
about the nitrogen cycling, primary and secondary production, and physiological activity of
organisms in this ecosystem must be conducted.
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Figure 1: Map of Jamaica Bay depicting loss of salt marshes between 1951 and 2003
Source: http://nbii-‐nin.ciesin.columbia.edu/jamaicabay/jbwppac/JBAC_NPS_SaltMarshReport_080207.pdf.

One method of wetland preservation is restoration. Wetland restoration generally consists
of placement of new sand, transplantation of marsh plant hummocks, and dispersal of seeds all
over the new land. Several marshes in Jamaica Bay were restored in the last decade. Restored
marsh development and functioning can take years to decades to equate to healthy natural marsh
functioning, and these differences can be seen in amounts of marsh grass growth, sediment
composition, and in levels of biodiversity (Callaway, 2005). For example, in the Gog-Le-Hi-Te
Wetland in the Puget Sound, an increase in total invertebrate species richness and fish diversity
was observed over the course of a seven-year period post-restoration. Moreover, in a restored
marsh study with a longer term data collection period, at a restored salt marsh in North Carolina,
it was observed that above ground biomass and macro-organic matter reached the same range as
the reference, natural marsh in a ten year period. However, at the same site, it took over 15 years
to reach a comparable benthic invertebrate community, and over 25 years for soil carbon and
nitrogen reserves to grow similar to that of the reference site (Callaway, 2005).
5

Ribbed mussels, Geukensia demissa, can be found lodged within stems and roots of
smooth cordgrass in estuaries and salt marshes. They are partially burrowed and anchored to
each other by byssal threads. Byssal threads attach the mussel to the substrate, and they are
composed of mucous strands. Ribbed mussels process organic nutrients and deposit recycled
organic and inorganic matter into the mud by removing oxygen from water and trapping the
matter, along with plankton, using their cilia lined gills (Franz, 2016). Salt marshes benefit from
this biological activity as the inorganic material in the mud aids in overall marsh growth.
Moreover, the important intertidal zone adaptation by which ribbed mussels bury themselves in
the sediment allows the organism to retain water in the mantle when the tide recedes. The ribbed
mussel can also survive fluctuations in salinity and temperature, even in cases of drought (Franz,
2016).
The dominant plant species growing on the salt marsh is Spartina alterniflora and it acts
as an environmental engineer by accumulating sediment at the seaward edge. The organic matter
collected by mussels from algae in seawater also fertilizes S.alterniflora. Since ribbed mussels
are selective suspension feeders with filtration abilities, they promote the growth of the marsh
grass and cycle nutrients from the water column. This important ecosystem service establishes a
mutualistic relationship between the two species. The productivity of S. alterniflora is increased,
and the marsh soil is fertilized while the mussels receive a shaded shelter from the canopy
grasses.
Organic matter from mussel biodeposits increases rates of microbial nitrogen removal via
denitrification, a critical nitrogen-removal service (Bilkovic et al. 2017). Denitrification is the
microbially mediated stepwise reduction of nitrate (NO3-) and nitrite (NO2-) to gaseous nitric
oxide (NO), nitrous oxide (N2O) and dinitrogen (N2) (Zumft, 1997). Ribbed mussels are 100%
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efficient at retaining suspended particles ≥ 4 µm and about 70% efficient at retaining particulates
of 2 µm (Riisgard, 1988), and can remove free, unattached bacteria with an efficiency of 15.8%
(Langton & Newell, 1990). These values, down to bacteria-size particles, confer a significant
ecosystem value to ribbed mussels in Jamaica Bay, and imply that existing mussel populations
already contribute greatly to removing phytoplankton and clarifying the water (Franz, 2008).
These ecosystem services will disappear as marsh erosion and eutrophication continues, but the
denitrifying service provided by the ribbed mussels can help to improve the wetland ecosystem
of Jamaica Bay. Therefore, it may be important to include high-density populations of ribbed
mussels in restoration projects in order to enhance restoration success and sustain ecosystem
services. Moreover, the integration of such positive inter-specific interactions in restoration
design may be a powerful and easy-to-incorporate approach for promoting coastal restoration
success (Derksen-Hooijberg et al., 2017). However, it is not clear if restored marshes can provide
similar habitat for ribbed mussels and generate the same kinds of ecosystem services.
The valuable ecosystem services provided by ribbed mussels might be a result of diverse
physiological system functioning. The gut microbial communities of multiple animal species are
impacted by their ecological niche in space and time (Pereira and Berry, 2017), which suggests
that the gut microbiome of ribbed mussels may be critical to the functioning of restored salt
marshes. Microorganisms found in the gastrointestinal tracts, and particularly in the guts, of
various animals play important roles in their immune, nutritional, and defense functions (Round,
2009). For example, a study on the gut microbiome of Artic lampreys, Lampetra japonica,
determined that the bacterial communities of this species had little in common with the
composition of intestinal microbiota of other aquatic organisms of Vertebrata because of their
different diets and living environments (Zuo, 2017). Moreover, such an analyses was necessary
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for ribbed mussel guts as findings on their microbial composition may be connected to the
ecosystem services provided by this species. Though it has been established that ribbed mussels
have denitrification abilities, this ecological function has yet to be closely linked to the species’
physiology. Specifically, the role of the mussel microbiome has not yet been integrated into any
of their ecosystem services. Ribbed mussel gut organs in particular, may be centers for
denitrification, as gut organs of several invertebrates including insects, earthworms, and oysters
have shown to exhibit denitrification activity (Arfken et al., 2017).
The present study aimed to determine if marsh age and condition is related to 1) marshes
ability to provide viable habitat for ribbed mussels and 2) the gut microbiome of ribbed mussels.
Understanding the abundance and distribution of ribbed mussels as well as gut microbiome may
be critical to the long-term success of restored marshes and the ecosystem services they provide.
It was predicted that restored marshes would have greater habitat value for ribbed mussels as the
marshes age and S. alterniflora grows. It was also predicted that ribbed mussel gut microbiome
would vary based on marsh age and condition.
2. Materials and Methods
2.1 Site Details
Jamaica Bay is a highly urbanized 5260-ha embayment on the southwestern coast of
Long Island (New York, USA) with a relatively narrow inlet to the Atlantic Ocean. The average
depth is 5 m and there are multiple salt marsh islands throughout (Hoellein & Zarnoch, 2014).
JoCo is a naturally occurring salt marsh in Jamaica Bay that has remained relatively stable for
the past decade. Black Bank is a naturally occurring marsh, but serves as a deteriorating marsh
reference. Big Egg marsh was restored in 2003. Elders East and Elders West marsh islands in
Jamaica Bay underwent restoration in 2006 and 2010, respectively. The northern part of the
8

Yellow Bar marsh island was restored in 2012 (Rafferty et al., 2014, Wigand et al., 2014).
Sediment was added to the restored sites to achieve proper elevation and marsh vegetation was
replanted. Mussels and other benthic organisms were allowed to recruit naturally from
neighboring marshes.
2.2 Ribbed Mussel Abundance and Size Distribution
We quantified the change in the abundance and size distribution of ribbed mussels using
survey data collected by the National Parks Service for seven years (2005-2012) at two of the
study sites (JoCo and Elders East). Data were collected at permanent vegetation plots in Jamaica
Bay, used for routine monitoring of natural marshes and marsh restoration sites. A15cm wide
and 15cm deep core was collected at the permanent vegetation plots. , The cores were then sorted
and the mussels in each one were counted and measured (shell length). GPS coordinates were
collected using a handheld Garmin Rino unit, or a Garmin 64S unit; Projection: UTM Zone 18N.
The data were used to calculate mussel density as well as the distribution of mussel shell lengths.
2.3 Mussel Gut Microbiome Study
On 13 September 2018, mussels (n =12 site-1) were collected from the following
marshes: Black Bank (natural deteriorating marsh), Big Egg (restored 2003), JoCo (natural
healthy marsh), and Yellow Bar (restored 2012). We also performed a transplant study where we
collected mussels from Black Bank and transferred them to Yellow Bar in July 2017. The
mussels were partially buried into the sediment in a 0.25m2 cluster equivalent to 1200 mussels
m-2. Therefore, these mussels were exposed to Yellow Bar conditions for ~12 weeks prior to
sampling. Mussels were held at 4°C for ~48 hours prior to dissections. A 0.1g (wet weight)
sample of mussel gut tissue was carefully excised using sterile forceps and scissors. Tissue
samples were combined from three separate mussels into a single sterile microcentrifuge tube.
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Therefore, a total of nine mussels were sampled for each site and resulted in three replicate
groups for each site.
2.3.1 DNA Extraction Procedures
The DNA extractions were performed on the ribbed mussel guts using the MoPower
BioSoil DNA Extraction kit. We had a single extraction from the Yellow Bar transplant and Big
Egg sites that were unsuccessful, therefore, these sites had only 2 replicate microbiome samples
while the other had three replicates. Raw sequence data had paired end reads joined and then all
sequences were filtered and trimmed using QIME Workflow v1.8. Operational taxonomic units
(OTUs) were assigned by matching the reads to the Greengenes database (DeSantis et al, 2006)
and both alpha and beta diversity were calculated. Operational taxonomic (OTU) analysis was
conducted on the microbiome sequences to assess microbiome diversity. Using a neighborclustering algorithm, sequences were assigned OTU’s based on a 97% similarity. Amplicon
sequencing was applied, and the bacterial DNA in the samples was targeted with the V1-3 or V4
regions of the 16s rRNA gene. All diversity metrics are based on microbiome averages (Arfken
et al. 2017).
3. Results
Mussel density on Elders East marsh increased with every year post restoration (Figure
2a). The ribbed mussels were particularly common along the edge of the marsh. JoCo, the natural
marsh, experienced decreases in mussel density (Figure 2b). The size distribution of the mussels
did not seem to change over the study period. The ribbed mussel populations at JoCo have
decreased along the shoreline and only a few colonies with low-densities remain at the center of
the marsh by 2010. The frequency of size distributions demonstrates that as the marsh ages
mussels of larger sizes occur at more frequent rates at Elders East as compared to JoCo by 2010.
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The size of mussels at JoCo did not change, but appear to be decreasing in abundance over the
years of sampling. In 2005, the difference between the unrestored marsh and the natural marsh
was large, as JoCo had a high frequency of larger sized mussels. By 2010 this trend was altered
completely, leaving Elders East with more mussels than JoCo.

a.

b.
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c.

Figure 2 (a-c): Ribbed mussel abundance and size distribution on a restored marsh, Elders East, and on a
non-restored natural marsh, JoCo.

The microbial abundance data (Figure 3a) shows that the major bacterial phyla found in
the mussel gut microbiome were similar across sites. Fusobacteria was most abundant at JoCo
and Yellow Bar while Big Egg, Black Bank, and Yellow Bar exchange had a greater proportion
of bacteria from phylum Bacteriodetes. Fusobacteria is an anaerobic, gram-negative, non-spore
forming bacteria. Individual cells are slender' rod-shaped bacilli with pointed ends and are a
known human pathogen. Big Egg had the greatest percentage of Fusobacteriaceae (74%) and
JoCo had considerably less of this bacteria (7%). Ricketsialles mostly survive as endosymbionts
of other cells and are obligate intracellular parasites that infect species from virtually every major
eukaryotic lineage. JoCo also had less of the bacteria Ricketsialles (35%) while the Yellow Bar
Exchange mussels, originally from Black Bank, contained a lot more of this bacterial phyla
(79%). Campylobacteraceae can live in both aerobic and anaerobic conditions and are the cause
of various gastrointestinal and reproductive diseases in humans, mammals, and reptiles. Yellow
Bar had the greatest percentage of family Campylobacteraceae (92%) while Black Bank had a
lower percentage of this microorganism (75%). Mycoplasmataceae completely lack a cell wall,
12

are variable in shape, being filamentous, branched, coccoid, and rod shaped and are smallest
living cells known, and are often pathogenic.
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a.

b.

Figure 3 (a-b): Average relative abundances of bacterial phyla (a) families (b) in the ribbed mussel gut
microbiomes
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Mussels from the Yellow Bar Exchange site, which were taken from the deteriorating
Black Bank marsh, and moved to the restored Yellow Bar marsh, greatly varied in intestinal
microbial composition from Yellow Bar after about three months after transplantation time. The
mussels at the Yellow Bar Exchange site contained the highest percentage of Fusobacteriaceae,
while Yellow Bar itself contained a higher percentage of Campylobacteraceae in comparison to
the other sites. However, in the phyla comparison between Black Bank and Yellow Bar
Exchange, the bacterial composition is very similar, with the presence of more Bacteriodetes at
Black Bank.
The alpha diversity (Figure 4) demonstrates total observed species at each studied marsh
island, along with the richness and evenness at each studied site shown by the calculated
Shannon index. The observed species ranged from about 500 OTUs to about 1500 OTUs with
Black Bank, the reference site, having the greatest and Yellow Bar Exchange, the transplanted
mussels having the least amount of observed species. Microbial species diversity was highest at
BB and BE and lowest at JoCo, ranging from 3.2 to 5.8. The beta diversity shows community
similarity among sites. YB and BB show distinct clustering away from each other suggesting
these two communities are not similar. JoCo also appears to be different from BB while BE and
YBX have more similar communities.
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Figure 4 (a-b): Observed species identified in OTUs (a) and Shannon diversity index of observed species (b).

Figure 5: Biodiversity represented in beta diversity between samples
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YBX

4. Discussion
A clear increase in mussel abundance and size was observed at Elders East marsh after
restoration, signifying that restored marshes provide suitable habitat for ribbed mussels (Figure
2). Mussel colonization occurs most rapidly near the marsh edge and along creek banks. Large,
adult mussels become more abundant in the population over time, indicating individual growth
and long-term establishment. We see indications of mussel decline in the natural marsh, JoCo.
The significance of ribbed mussel recruitment over time can be confirmed by the mussel’s
positive mutualistic relationship with marsh cordgrass, Spartina alterniflora. Between 2003 and
2008 JoCo saw a 2.9% increase in vegetation cover. Simultaneously, Elders East saw a 450%
increase in vegetation cover (Campbell et al. 2017). Additionally, the height of the cordgrass at
Elders East was taller than at JoCo, despite no difference in aboveground biomass and stem
density (Rafferty et al. 2014). Cordgrass facilitates mussels, and mussels have strong positive
legacy effects on cordgrass recovery and resilience, which supports the conclusion that mussels
should be proactively included in saltmarsh restoration designs as an easy-to-implement means
of elevating restoration success (Derksen-Hooijberg et al. 2017). Overall, mussel recruitment
increases with restored marsh age if the marsh remains stable. However, on the unrestored
marsh, JoCo, mussel abundance declines with time. While total standing aboveground biomass
and stem density did not differ between sites, on average, S. alterniflora plants are taller at the
restored site than at JoCo, the reference site. In addition, as it is a mature marsh, macro-organic
matter at JoCo represents the long-term accumulation of belowground organic material, and we
observe that macro-organic matter at JoCo is greater than at Elders East.
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If marsh loss continues, all ribbed mussels as well as their associated ecosystem services
will be lost. By restoring marshes we gain a valuable water filtration service. Based on a study
done by Bilkovic (2017), ribbed mussels can filter water at a rate of 0.12mL per hour or 0.96mL
per submerged time a day (8 hours). Therefore, if the mean density of mussels on Elders East
pre-restoration in 2005 was 160 mussels/ m2, and Elders East is approximately 40 acres in size,
more than 24 million liters of water were filtered daily in the summer. However, post-restoration,
with increased mussel recruitment, and about 343 mussels/ m2 in 2012, over 53 million liters of
water can be filtered daily by ribbed mussels in the summer. These calculations indicate that
mussels are a very important source of water filtration in Jamaica Bay. Moreover, new marsh
restorations will enhance this valuable service, while continued marsh loss at reference sites will
eliminate this service. In addition, denitrification efficacy in the presence of mussels is more than
50% greater than without them present, implying the value of continuing growth of ribbed
mussel populations on marsh islands (Bilkovic et al. 2017).
In the alpha diversity comparison of ribbed mussel gut microbiomes between marshes
(Figure 4) there was no significant difference in observed species diversity between restored and
unrestored marshes indicating the number of species found was not affected by marsh age or
condition. However, in comparing the Shannon indexes, Black Bank, the degrading natural
marsh, had a significantly higher index than both stable and natural JoCo and newly restored
Yellow Bar. Black Bank is at a lower elevation as it deteriorates (Wigand et al 2014, Campbell et
al. 2017) which means it is submerged by tides for a longer period of time as compared to
Yellow Bar and JoCo. Marsh inundation can affect microbial community composition by
favoring anaerobic microbes that thrive under reduced conditions. JoCo may not be receiving the
same amount of nutrients or at least not at the same consistency as Black Bank, due to the
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deteriorating marsh’s lower elevation. In addition, types of sediment differ at the two sites,
impacting the mineralization, decomposition, and carbon dioxide emission rates (Wigand et al.
2014).
The Yellow Bar Exchange samples varied greatly from the Yellow Bar samples in gut
microbiome composition. However, in the phylum comparison, the gut microbiome composition
of Yellow Bar Exchange and Black Bank are relatively similar. This result indicates that more
time is required for gut adaptation to the new site. In the beta diversity plot (Figure 5), the
sample groups for Yellow Bank have greater variation from Black Bank and Yellow Bar
Exchange, which are closer together on the plot. In the observed species analysis (Figure 4a),
Yellow Bar Exchange demonstrates significantly less species richness than Yellow Bar and
Black Bank. The disparity in observed species may be attributed to the natural disruption caused
by the transplantation between sites, with the three-month period at the new site not being
enough time for physiological recovery. The species diversity at Yellow Bar Exchange is closer
to the other two sites (Figure 4b).
A similar study, conducted on the gut microbiome of a different bivalve, the eastern
oyster, Crassostrea virginica, offers a useful comparison to our study. The eastern oyster also
provides the important ecosystem service of nitrogen removal via denitrification from eutrophic
wetland and bay areas. The oyster study analyzed the digestive gland, shell, and sediment
microbiome conditions for an in depth analysis of the bacteria involved in the species’
environmental functionality. In comparison to the 500-1500 OTU range in observed species for
the ribbed mussels in Jamaica Bay, the oyster digestive glands demonstrated much lower
amounts, all spanning in the 500 OTU range. The Shannon Diversity index ranged from 1.061.33 in Arfken’s study, while in our studt the Shannon Diversity index ranges from 3.2-5.8. This
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major difference can be attributed to the microbiome composition of the varying species’
environments, and to differences in bivalve filtration capabilities. Considering many of the
bacteria identified in the mussel gut microbiomes are linked to human and animal pathogens, the
increased human wastewater nutrients from overflow at local wastewater treatment plants may
be impacting the eutrophied waters of Jamaica Bay, and also the digestive tracts of the species
residing at this wetland. Therefore, the difference in microbiome composition between oysters at
Chesapeake Bay and mussels in Jamaica Bay may be a reflection of varying levels of
eutrophication in surrounding waters. However, eastern oysters have a lower particle retention
efficiency for small particles (sized 2- µm) than ribbed mussels, retaining 50% versus the 70%
that ribbed mussels are able to retain (Riisgard 1988). Particle retention efficacy reflects species
filtration capacity, so the gut microbiome composition of the two bivalve species can be related
to this difference in particle retention (Bilkovic et al., 2017).
When compared to the study on oyster gut microbiomes in Chesapeake Bay, only a few
of the same bacteria were identified when analyzing the most abundant families between the
species. Rhodobacteracaeae was found in both oyster and mussel gut microbiomes at the varying
sites, and these gram-negative bacteria act as a key player of sulfur and carbon biogeochemical
cycling. Bacterial biogeochemical cycling can significantly determine the potential productivity
that can be supported within the marine habitat. Moreover, this family contains denitrifying
Proteobacteria, which may play a role in the denitrification abilities of both oysters and mussels.
This bacterium is often detected exclusively in shallow water depths, a common location of
habitat for the two types of bivalves. Another family of interest found in the gut microbiomes of
oysters and mussels is Synechoccus, a family of cyanobacteria with known nitrogen fixing
abilities. This unicellular, photosynthetic cooccoid cell bacteria is usually found in well-lit
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surface waters. Moreover, one type of environment where Synechococcus thrives particularly
well is coastal plumes of large rivers. Such plumes are coastally enriched with nutrients such as
nitrate and phosphate, similarly to the highly eutrophic waters of Jamaica Bay, and drives large
phytoplankton blooms. High productivity in coastal river plumes is often associated with large
populations of Synechococcus.
5. Conclusion
Ribbed mussels have been titled salt marsh keystone species that improve ecosystem
multi-functionality (Angelini et al. 2015). The present study aimed to determine if marsh age and
condition is related to 1) marshes ability to provide viable habitat for ribbed mussels and 2) the
gut microbiome of ribbed mussels. This study makes clear the importance of ribbed mussel
populations on marsh islands in Jamaica Bay, Queens. Due to their positive mutualistic
relationships with plant species, the valuable ecosystem services they provide by denitrifying
marsh waters, and their increased recruiting trends at restored marshes, it is evident that ribbed
mussels should continue to thrive, and be protected, at this wetland. It is anticipated that with
more time the restored marshes will develop larger ribbed mussel populations, causing the water
quality to improve. However, climate change, human activities, and pollution, may result in
accelerated losses of marsh area, even with the presence of such species in large quantities.
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